Ϫ/Ϫ mice have decreased hepatic expression of gluconeogenic enzymes and a reduction in the rate of endogenous glucose production (EGP). We sought to determine whether decreasing hepatic and adipose SRC1 expression in normal adult rats would alter glucose homeostasis and insulin action. Regular chow-fed and high-fat-fed male Sprage-Dawley rats were treated with an antisense oligonucleotide (ASO) against SRC1 or a control ASO for 4 wk, followed by metabolic assessments. SRC1 ASO did not alter basal EGP or expression of gluconeogenic enzymes. Instead, SRC1 ASO increased insulin-stimulated whole body glucose disposal by ϳ30%, which was attributable largely to an increase in insulinstimulated muscle glucose uptake. This was associated with an approximately sevenfold increase in adipose expression of lipocalintype prostaglandin D 2 synthase, a previously reported regulator of insulin sensitivity, and an approximately 70% increase in plasma PGD 2 concentration. Muscle insulin signaling, AMPK activation, and tissue perfusion were unchanged. Although GLUT4 content was unchanged, SRC1 ASO increased the cleavage of tether-containing UBX domain for GLUT4, a regulator of GLUT4 translocation. These studies point to a novel role of adipose SRC1 as a regulator of insulin-stimulated muscle glucose uptake. insulin resistance; glucose transporter type 4; skeletal muscle; white adipose tissue GLUCOSE HOMEOSTASIS REQUIRES THE COMPLEX COORDINATION of cellular and molecular pathways in multiple tissues. In many instances, these pathways collate hormonal and metabolic cues to regulate transcription factors that alter the expression of genes encoding key metabolic enzymes. The activity of transcription factors is regulated further by transcriptional coactivators and corepressors. The three members of the p160 steroid coactivator receptor family, the steroid receptor coactivator 1 (SRC1 or NcoA-1), the transcriptional intermediary factor 2 (TIF2, SRC2, GRIP1, or NCOA2), and steroid receptor coactivator 3 (SRC3, p/CIP, AIB1, ACTR, RAC3, or TRAM-1) have all been shown to control energy balance through their interactions with many transcription factors, including nuclear receptors (14, 16, 18, 22) . The SRC1 family has also been implicated in many other physiological processes, including reproduction, cancer, and immunity (22, 27, 42, 49, 50) .
of cellular and molecular pathways in multiple tissues. In many instances, these pathways collate hormonal and metabolic cues to regulate transcription factors that alter the expression of genes encoding key metabolic enzymes. The activity of transcription factors is regulated further by transcriptional coactivators and corepressors. The three members of the p160 steroid coactivator receptor family, the steroid receptor coactivator 1 (SRC1 or NcoA-1), the transcriptional intermediary factor 2 (TIF2, SRC2, GRIP1, or NCOA2), and steroid receptor coactivator 3 (SRC3, p/CIP, AIB1, ACTR, RAC3, or TRAM-1) have all been shown to control energy balance through their interactions with many transcription factors, including nuclear receptors (14, 16, 18, 22) . The SRC1 family has also been implicated in many other physiological processes, including reproduction, cancer, and immunity (22, 27, 42, 49, 50) .
A significant body of work has shown that SRC1 is important for the tissue-specific activation of progesterone and estrogen receptors (1, 16, 42) . Additionally, studies using the SRC1 global knockout mice have shown that SRC1 is required for uterine growth and function, prostate development, mammary gland growth and elongation, brain development and function, and metabolism (20, 23, 24, 28, 31, 49, 50, 52) . SRC1 Ϫ/Ϫ mice also have features of thyroid hormone resistance, with evidence that SRC1 is critical for proper activation of the thyroid hormone receptor-␤ (48) . SRC1 Ϫ/Ϫ mice have impairment in brown adipose tissue (BAT) function that makes them prone to weight gain potentially through decreased activation of PGC-1␣, although this phenotype is not always apparent (30) . And recently, studies investigating the mechanism of fasting hypoglycemia in SRC1 Ϫ/Ϫ mice suggest that SRC1 regulates hepatic gluconeogenic gene expression in the fed and fasted states (23) .
However, because SRC1 is involved in the regulation of cellular processes in many tissues, the tissue-specific function of SRC1 is difficult to interpret using a global SRC1-knockout mouse. Moreover, genetic models may trigger developmental changes that complicate phenotype interpretation. Antisense oligonucleotides (ASOs) allow us to selectively silence protein expression in key metabolic tissues in normal adult animals, circumventing the developmental concerns with knockout mice. ASOs decrease target expression primarily in white adipose tissue (WAT) and liver. ASOs do not decrease expression in other key tissues (e.g., skeletal or cardiac muscle, brown adipose tissue, pancreas, brain, etc.) (29) . Thus, these compounds are useful tools to assess the role of key proteins in a more tissue-selective fashion. We treated regular chow-fed and high-fat-fed adult rats with SRC1 ASO and performed hyperinsulinemic euglycemic clamp studies to determine whether hepatic or adipose tissue SRC1 controls gluconeogenesis or peripheral insulin sensitivity.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats (200 -225 g; Charles River Laboratories, Wilmington, MA) were housed on a 12:12-h light-dark cycle and received food and water ad libitum. They were given Ն7 days to acclimate before any studies. Rats were fed either regular rodent chow (60% carbohydrate, 10% fat, and 30% protein calories) and a high-fat diet (Dyets 112245: 26% carbohydrate, 59% fat, and 15% protein calories; Dyets, Bethlehem, PA). Body weight was monitored twice weekly. Rats were treated with either an ASO that lacks any homology to known sequences (Control ASO, CCTTCCCTGAAGGTTCCTCC) or an ASO against SRC1 (SRC1 ASO, AGATGTCGGACTTCTGCACG). ASOs were reconstituted in sterile saline, and rats were injected intraperitoneally at a dose of 50 mg·kg Ϫ1 ·wk Ϫ1 for 4 -5 wk. Rats underwent the placement of jugular venous (for blood sampling) and carotid artery (for infusion) catheters ϳ10 days before the infusion studies. All procedures were approved by the Institutional Animal Care and Use Committee of Yale University School of Medicine.
Hyperinsulinemic euglycemic clamp studies. The hyperinsulemic euglycemic clamp studies were performed as described previously in overnight-fasted animals (19) . Insulin was infused after a 2-h basal period with a primed continuous infusion of human insulin (40 mU·kg Biochemical analysis and calculations. Plasma glucose was measured using a YSI 2700D glucose analyzer. Plasma insulin and glucagon concentrations were measured by a RIA kit (Linco). Serum triglycerides, plasma nonesterified fatty acids, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were analyzed using COBASMira Plus (Roche). Plasma adiponectin was measured using a mouse multiplex assay kit (Meso Scale Discovery). Prostaglandin D2 (PGD2) was measured using the Prostaglandin D2-MOX EIA Kit (Cayman Chemical).
Total RNA preparation and RT-PCR analysis. Total RNA and RT-PCR were performed as described previously (7) .
Immunoblotting. Protein preparation and immunoblotting were performed as described previously (7) . Antibodies used were AMP-activated protein kinase-␣ (AMPK␣), phospho-Thr 172 AMPK␣, GAPDH, and Akt2 (Cell Signaling Technology), phospho-Ser 474 Akt2 (SAB Signalway), ACC␤, and phospho-Ser 219 acetyl-CoA carboxylase-␤ (ACC␤; Santa Cruz Biotechnology). Sortilin (BD Biosciences), GLUT1 (Abcam), glucose transporter 4 (GLUT4), hexokinase II (HKII), and tether-containing UBX domain for GLUT4 (TUG) antibodies were a kind gift from Jonathan Bogan (Yale University, New Haven, CT).
Postmortem ␥-counting and analysis of tissue perfusion. Animals (n ϭ 20) were given an in vivo intravenous injection of technetium-99m ( 99m Tc)-tetrofosmin (251.6 Ϯ 25.9 MBq) under basal or insulin-stimulated conditions. For insulin-stimulated conditions, Values are means Ϯ SE; n ϭ 5-6/group. SRC1, steroid receptor coactivator 1; ASO, antisense oligonucleotide; NEFA, nonesterified fatty acid; AST, aspartate aminotransferase; ALT, alanine aminotransferase. Glucagon was measured in overnight-fasted rats treated with control or SRC1 ASO for 4 wk. All other parameters were determined in hyperinsulinemic euglycemic-clamped rats. P value calculated by Student's t-test. rats were subjected to hyperinsulinemic euglycemic conditions until steady-state serum glucose values of 100 -110 mg/dl were maintained for 20 min. Fifteen minutes after radiotracer injection, animals were euthanized, and the gastrocnemius, soleus, and whole heart were excised, weighed, and evaluated for 99m Tc-tetrofosmin radioactivity with a ␥-counter (Cobra 5003; Packard Instrument, Meriden, CT). All values for 99m Tc-tetrofosmin retention were calculated as a percent of the injected dose per gram of tissue (after correction for background activity and radioactive decay), as described previously (43) .
Statistical analysis. Statistical significance has been calculated by Student's t-test or ANOVA, as stated in the figure legends. All data are displayed as means Ϯ SE, unless stated otherwise.
RESULTS

SRC1 ASO treatment reduces fasting insulin concentration without changing fasting glucose concentration or weight gain.
Sprague-Dawley rats were injected with control ASO or SRC1 antisense ASO intraperitoneally for 4 wk prior to metabolic Values are means Ϯ SE; n ϭ 15-18/group. Sprague-Dawley rats were fed a regular chow or high-fat diet for 4 wk and treated with control or SRC1 ASO. Body weight, basal glucose, and basal insulin were analyzed in overnight-fasted rats. Clamped glucose is the average plasma glucose concentration during the last 40 min of the hyperinsulinemic euglycemic clamp studies. Clamped insulin is the average serum insulin concentration during the hyperinsulinemic euglycemic clamp studies. P value calculated by Student's t-test. *P Ͻ 0.05. . SRC1 ASO treatment increases peripheral insulin sensitivity and glucose disposal in gastrocnemius skeletal muscle. Sprague-Dawley rats were fed a regular chow diet and treated with control or SRC1 ASO for 4 wk. A: serum glucose levels during the hyperinsulinemic euglycemic clamp studies in rats treated with control or SRC1 ASO for 4 wk. B: glucose infusion rate in the clamp studies. C: average glucose infusion rate required to maintain euglycemia during steady state. D: insulin-stimulated peripheral glucose disposal during the hyperinsulinemic euglycemic clamp studies. E: endogenous glucose production during the hyperinsulinemic euglycemic clamp studies. F-I: glucose transport rate during the hyperinsulinemic euglycemic clamp studies into soleus muscle (F), WAT (G), gastrocnemius muscle (H), and BAT (I); n ϭ 15-18/group. P value calculated by Student's t-test. *P Ͻ 0.05. parameters being assessed. Control ASO treatment has previously been shown to be similar to saline injection (38, 39) , and thus for these studies, SRC1 ASO-treated rats were compared with control ASO-treated rats. SRC1 ASO specifically reduced SRC1 expression in the liver and WAT but not skeletal muscle or brown adipose tissue (Fig. 1A) . SRC1 ASO did not affect SRC2 or SRC3 expression in liver or WAT (Fig. 1, B and C) . SRC1 ASO treatment also did not affect body weight, epididymal adipose tissue weight, plasma triglyceride concentration, tissue triglyceride concentration in the liver or gastrocnemius muscle, plasma nonesterified fatty acid concentration, or glucagon concentration in regular chow-fed rats (Tables 1 and 2 ). SRC1 ASO treatment did not alter plasma AST or ALT concentrations (Table 1) . Surprisingly, unlike the SRC1 Ϫ/Ϫ mice, SRC1 ASO treatment did not alter basal plasma glucose concentration (Table 2) or gluconeogenic gene mRNA expression (Fig. 1D) . However, SRC1 ASO treatment decreased fasting plasma insulin concentration by ϳ50% (Table 2) . Taken together, these data suggested that SRC1 ASO treatment may increase insulin sensitivity in chow-fed rats.
SRC1 ASO treatment increases peripheral insulin sensitivity and glucose disposal in gastrocnemius muscle.
To determine whether reduction in SRC1 expression affects insulin sensitivity, regular chow-fed SRC1 or control ASO-treated rats underwent hyperinsulinemic euglycemic clamp studies to quantify basal and insulin-stimulated changes in whole body and tissuespecific glucose metabolism. Plasma glucose values were maintained at euglycemia and matched during the steady-state portion (90 -150 min; Fig. 2, A and B) .
Unlike the SRC1 Ϫ/Ϫ mice (23), decreasing SRC1 expression in normal rats did not alter endogenous glucose production in either the basal or insulin-stimulated state (Fig. 2E) . Surprisingly, SRC1 ASO treatment increased the response to insulin, as reflected by a 40% increase in the glucose infusion rate required to maintain euglycemia (Fig. 2, B and C) . This increase was largely attributable to a 28% increase in insulinstimulated whole body peripheral glucose disposal (Fig. 2D) .
We further quantified tissue-specific changes in glucose uptake by assessing 2-[
14 C]deoxyglucose uptake in key insulin responsive tissues. SRC1 ASO treatment increased glucose Ϫ/Ϫ mice are prone to diet-induced obesity (13, 26, 30) . To determine whether SRC1 ASO treatment alters weight gain and diet-induced obesity and insulin resistance, rats were treated with control or SRC1 ASO and fed a high-fat diet for 4 wk. Insulin sensitivity was again assessed using hyperinsulinemic euglycemic clamp studies (Fig. 3, A and B). SRC1 ASO treatment did not alter body weight or basal glucose concentration, but basal insulin concentration did tend to be less (Table 2) . However, as in the regular chow-fed rats, SRC1 ASO increased the glucose infusion rate by 66% (Fig.  3C ) and glucose disposal by 46% (Fig. 3D ) compared with control ASO-treated animals. This increase in glucose disposal was associated with insulin-stimulated increases in 2-deoxyglucose uptake in the whole gastrocnemius muscle (Fig. 3G) but not the soleus muscle or WAT (Fig. 3, F and H) . Furthermore, there were no significant differences in endogenous glucose production in the basal or clamped state between the groups (Fig. 3E) .
In summary, similar to rats fed a regular chow diet, SRC1 ASO improved insulin sensitivity in rats fed a high-fat diet by increasing glucose disposal in the gastrocnemius muscle but without altering hepatic insulin sensitivity. This improvement in insulin sensitivity in skeletal muscle is not due to protection from diet-induced obesity, since SRC1 ASO did not alter weight gain. It also cannot be explained by a direct effect of ASO treatment; ASOs decreased SRC1 expression primarily in the liver and WAT and not the skeletal muscle, where insulin sensitivity is enhanced. Instead, these data suggest that the improved insulin-stimulated glucose uptake in mixed-fibertype skeletal muscle is an indirect effect, due possibly to alteration in a circulating factor that improves insulin-stimulated glucose uptake in muscle.
SRC1 ASO treatment increases the expression of the insulinsensitizing factor PGD 2 synthase. One candidate for this circulating factor is PGD 2 . Lipocalin type PGD 2 synthase (L-PGDS)-knockout mice develop glucose intolerance and insulin resistance (34) , suggesting that L-PGDS positively regulates whole body insulin sensitivity. L-PGDS is a bifunctional enzyme; it synthesizes PGD 2 and acts as a lipocalin, transporting various lipophilic small molecules extracellularly (45) . It is currently unclear whether L-PGDS increases insulin sensitivity by acting as a lipocalin or through PGD 2 production.
Interestingly, SRC1 ASO caused a striking 6.8-fold increase in the WAT expression of L-PGDS (Table 3) . Expression of L-PGDS in the liver was actually decreased by ϳ90% (P ϭ 0.05). Another enzyme responsible for PGD 2 production, hematopoietic type PGD 2 synthase, has also been shown to promote insulin sensitivity (15) , but the expression of this enzyme did not change with SRC1 knockdown in the WAT (Table 3) or liver (control ASO: 1.0 Ϯ 0.25 vs. SRC1 ASO: 0.7 Ϯ 0.15). The increased expression of white adipose L-PGDS was associated with an increase in plasma PGD 2 concentration of 65% in regular chow-fed rats (Fig. 4A ) and 70% in high-fat-fed rats (Fig. 4B) , suggesting that L-PGDS activity was indeed increased. Interestingly, plasma PGD 2 levels decreased within 15-30 min of insulin treatment during the hyperinsulinemic euglycemic clamp in both regular chow and high-fat-fed rats (Fig. 4, A and B) .
SRC1 ASO treatment did not alter WAT mRNA expression of other adipokines, such as leptin, retinol-binding protein 4 (RBP4; another lipocalin), and resistin (Table 3 ) (32, 37) . Additionally, the concentration of adiponectin, an insulin-sensitizing adipokine, was reduced by 42% with SRC1 knockdown (Fig. 4C) . Although activation of PPAR␥ in the WAT can increase whole body insulin sensitivity (25, 35, 51) , this was not evident in this model. SRC1 ASO treatment did not change expression of the PPAR␥ target genes acyl-CoA oxidase 1 and liporotein lipase and was associated with a decrease in the expression of phospholipase domain-containing 3 and phosphoenolpyruvate carboxykinase (Table 3) .
Insulin and L-PGDS do not increase glucose transport in muscle by increasing tissue perfusion. Prostaglandins are well known to cause vasodilation and increase muscle blood flow (6, 36) . There are also data to suggest that increases in insulin-stimulated glucose uptake are associated with alterations in muscle blood flow (9, 10, 46) . Thus, we hypothesized that PGD 2 may promote vasodilation and increased perfusion in the gastrocnemius muscle. The increase in muscle glucose delivery would then explain the increased glucose transport with SRC1 ASO treatment. To test this, we measured tissue perfusion in regular chow-fed control and SRC1 ASO-treated animals in both the basal and clamped state. Tissue-specific perfusion was quantified by postmortem ␥-counting of 99m Tctetrofosmin radioactivity in the soleus and gastrocnemius muscles. However, in both the basal and hyperinsulinemic states, SRC1 knockdown did not increase skeletal muscle perfusion (Fig. 5) , suggesting that increases in insulin-stimulated glucose uptake in these tissues are not attributable to changes in muscle perfusion in this model (Fig. 5) .
SRC1 ASO treatment enhances gastrocnemius glucose transport via TUG cleavage but not Akt or AMPK signaling.
Glucose transport in muscle can be activated by both insulindependent and -independent pathways (3, 8, 47) . The insulinindependent pathway increases glucose transport for exercising muscle via AMPK activation, leading to Akt substrate of 160 kDa (AS160) phosphorylation and GLUT4 translocation to the plasma membrane (3, 44) . The insulin-dependent pathway allows for glucose uptake after a meal. Insulin action in skeletal muscle can be further divided into phosphatidylinositol 3-kinase (PI3K)-dependent or PI3K-independent arms. The canonical PI3K-dependent pathway involves phosphorylation and activation of Akt2 (17) , which then phosphorylates many downstream targets, including AS160 (12), leading to GLUT4 translocation. Recent studies have suggested that there is an insulin-dependent but PI3K-independent pathway that also promotes GLUT4 translocation (2, 3) . This arm of insulin signaling involves TC10␣ activation, which may act through PDZ domain-containing protein that interacts specifically with TC10␣ to promote cleavage of TUG, a protein that sequesters GLUT4 storage vesicles in a perinuclear storage compartment (3) (4) (5) 21) . Upon insulin stimulation, cleavage of TUG enables the release of GLUT4 storage vesicles (GSVs) for GLUT4 translocation to the plasma membrane and glucose transport.
Analyses of these various pathways in gastrocnemius muscle indicate that SRC1 knockdown does not enhance Akt2 phosphorylation, suggesting the PI3K/Akt2 pathway is not affected (Fig. 6) . Likewise, SRC1 ASO treatment does not cause AMPK activation, as assessed by AMPK phosphorylation or phosphorylation of its downstream target ACC␤ (Fig. 6) . Phosphorylation of these proteins was not different whether analyzed after 2 h (Fig. 6 ) or 20 min of insulin treatment (data not shown). Additionally, HKII expression was not changed after 20 min of insulin treatment, arguing against the possibility that increased glycolysis due to increased HKII expression may account for the increases in glucose disposal (Fig. 7, A and C) .
Glucose transport is mediated by the transporters GLUT1 and GLUT4 in muscle. SRC1 knockdown did not change muscle GLUT1 or GLUT4 expression acutely after either 20 min (Fig. 7, A and C) or 2 h (Fig. 6 ) of hyperinsulinemia. But the expression of GLUT4 in whole tissue extracts does not always correlate with the amount of GLUT4 at the plasma membrane. The recruitment of GLUT4 to the plasma membrane after insulin stimulation is regulated by an intricate network of proteins, including the key protein TUG (5, 21) . After 20 min of insulin treatment, TUG cleavage was increased in rats treated with SRC1 ASO, as indicated by a 40% decrease in full-length 60-kDa TUG (Fig. 7 , B and C), along with a 2.5-fold increase in the 42-kDa COOH-terminal cleavage product of TUG (Fig. 7 , B and C) and a 50% increase in an 18-kDa cleavage product of TUG (Fig. 7, B and C) . The decrease in full-length TUG is not due to a decrease in TUG transcription, since TUG mRNA is unchanged (Table 4) . Therefore, our data suggest that SRC1 ASO treatment induces the PI3K-independent pathway, leading to TUG cleavage in the gastrocnemius muscle and increased glucose transport compared with control ASO-treated animals. Interestingly, TUG cleavage products were not observed in the basal state (data not shown), suggesting that enhanced TUG proteolytic cleavage after SRC1 ASO treatment results from increased insulin signaling. Alternatively, enhanced TUG processing may result from increased basal GLUT4 trafficking into the insulin-responsive GSVs. Sortilin is a protein required Western blot analysis of sortilin, TUG, TUG cleavage products, and GAPDH in the same rats described in A. C: densitometry of the Western blot analysis shown in A and B; n ϭ 5/group. P value determined by Student's t-test. *P Ͻ 0.05. Values are mean fold change Ϯ SE; n ϭ 6 -8/group. GLUT4, glucose transporter 4; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive lipase; mtGPAT; mitochondrial glycerol-3-phosphate acyltransferase; DGAT1 and -2, diaclyglycerol acyltransferase 1 and 2, respectively; AGPAT1, -2, and -5, acylglycerolphosphate acyltransferase 1, 2, and 5, respectively; PPAR␣ and -␦, peroxisome proliferator-activated receptor-␣ and -␦, respectively; PGC-1␣, PPAR␥ coactivator-1␣; SREBP-1c, sterol regulatory element-binding protein1c; FASN, fatty acid synthase; SCD1, stearoyl-CoA desaturase-1; TUG, tether-containing UBX domain for GLUT4. Sprague-Dawley rats were treated with control or SRC1 ASO for 4 wk, and mRNA expression was analyzed by real-time PCR in the gastrocnemius muscle of hyperinsulinemic euglycemicclamped rats. P value calculated by Student's t-test.
for proper formation of the GSVs (41). However, SRC1 knockdown did not change sortilin abundance, suggesting that increased TUG processing is not due to changes in sortilindependent GLUT4 sorting (Fig. 7B) .
Taken together, analyses of the signaling pathways controlling glucose transport in gastrocnemius muscle indicate that the increased insulin-mediated glucose transport with SRC1 ASO treatment is through an increase in TUG cleavage and increased GLUT4 translocation to the plasma membrane.
DISCUSSION
SRC1 is a transcriptional coactivator for many nuclear steroid receptors and transcription factors, including PPAR␥, PPAR␣, and CEBP␣ (26, 30, 49) . SRC1 has been implicated in regulating a variety of metabolic processes. Studies in SRC1
Ϫ/Ϫ mice suggest that SRC1 regulates hepatic gluconeogenesis and glucose output in the fasting state. We undertook these studies to determine whether decreasing SRC1 expression in normal adult rats would similarly alter hepatic gluconeogenesis.
In contrast to the findings in SRC1 Ϫ/Ϫ mice, decreasing hepatic and adipose SRC1 expression with a specific ASO did not alter the hepatic expression of gluconeogenic enzymes, hepatic glucose production, or hepatic insulin sensitivity. Instead, we observed that the main effect of decreasing SRC1 expression in adults rats was an improvement in skeletal muscle insulin sensitivity. This is likely an indirect effect of the SRC1 ASO. ASOs reduce target gene expression primarily in liver and WAT, but in this study they did not alter skeletal muscle SRC1 expression. Thus, these data suggest that SRC1 may regulate the expression of a circulating factor that augments glucose disposal in the skeletal muscle (Fig. 8) . The data from these studies suggest a novel connection between adipose tissue and muscle metabolism in which increased adipose expression of L-PGDS and plasma PGD 2 concentration may serve to potentiate insulin-stimulated GLUT4 trafficking.
Our finding that SRC1 knockdown in the liver does not affect gluconeogenesis is contrary to previous studies of SRC1 Ϫ/Ϫ mice (23) . There are several possibilities that may explain these discrepancies. Clearly, there are the marked differences in experimental models. Louet et al. (23) studied male C57BL/J6 mice, whereas our study used male SD rats. And unlike a genetic model entirely devoid of SRC1, we decreased expression of SRC1 primarily in WAT and liver in normal adult rats using a synthetic ASO. Since SRC1 is expressed nearly ubiquitously, a global knockout may elicit developmental changes that impact the phenotype of the adult animal. Similarly, global knockout models are not ideal for assessing the effect of a gene on organ-specific physiology. Indeed, studies in SRC1 Ϫ/Ϫ mice also have shown alterations in thyroid and sex hormone action (48, 50) . The low expression of SRC1 with ASO treatment compared with complete absence in SRC1 Ϫ/Ϫ mice may also allow for different tissue action, depending on the proteins interacting with SRC1 and threshold for activity of the complex. Finally, SRC1
Ϫ/Ϫ mice gain more weight than WT mice when fed a high-fat diet (30) . This may be due to the alterations in BAT or skeletal muscle energetics, where SRC1 competes with SRC2 to regulate genes controlling energy expenditure and uncoupling (13, 30) . In comparison, the SRC1 ASOs did not alter BAT or muscle expression, and SRC1 ASO treatment did not impact weight gain in either chow-fed or high-fat-fed rats. Thus, the differences in model systems may account for the variance in the hepatic glucose production phenotype. Surprisingly, the main physiological effect of decreasing hepatic and adipose SRC1 expression was augmenting insulinstimulated muscle glucose uptake. SRC1 ASO increased the response to insulin even in the regular chow-fed rats, which were already insulin sensitive. Hepatic and muscle insulin action can be affected by intracellular diacylglycerol content, novel PKC activation (PKC-⑀ and -), and impairment in insulin signaling (40) . However, intracellular lipid content is normally low in regular chow-fed animals and not affected by SRC1 ASO. Additionally, SRC1 knockdown did not affect insulin-stimulated Akt2 phosphorylation. Thus, the improvement in insulin sensitivity with SRC1 ASO treatment cannot be attributed to a decrease in muscle lipid content.
SRC1 ASO treatment also did not affect other proposed mediators of muscle insulin action, such as leptin, RBP4, or resistin (32, 37) . Likewise, it did not increase adiponectin secretion or change PPAR␥ activity in the WAT, both of which can impact whole body insulin sensitivity (25, 35, 51) . Although increases in muscle GLUT4 content or activation of AMPK have both been shown to increase muscle glucose Since intact TUG prevents exocytic translocation of GLUT4 storage vesicles (GSV), the decrease in TUG abundance releases intracellular GLUT4 to fuse with the plasma membrane and to facilitate glucose transport in the presence of insulin (2) . Therefore, SRC1 knockdown in the WAT enhances insulin-mediated glucose transport in the muscle. PGH2, prostaglandin H2; IRS-1, insulin receptor substrate-1; PI3K, phosphatidylinositol 3-kinase; AS160, Akt substrate of 160 kDa; RAB, Ras homologous from brain; PIST, PDZ domain-containing protein that interacts specifically with TC10␣. transport (44) , neither of these phenomena occurred with SRC1 ASO treatment. Thus, changes in previously described pathways that regulate muscle insulin responsiveness were unable to explain the improvement in insulin-stimulated muscle glucose uptake seen with SRC1 ASO treatment.
In seeking other possibilities, we observed an increase in WAT L-PGDS expression, suggesting that WAT L-PGDS expression and/or plasma PGD 2 concentration may impact insulin-stimulated muscle glucose uptake. There is precedent for this model; L-PGDS Ϫ/Ϫ mice are insulin resistant (34) , supporting a role for L-PGDS in controlling insulin sensitivity. L-PGDS and PGD 2 have been shown to increase GLUT4 translocation and glucose transport in myotubes (33) . We observed a nearly sevenfold rise in L-PGDS expression in the WAT, increased plasma concentration in its enzymatic product PGD 2 in both chow-fed and high-fat-fed conditions, and increased glucose transport in the muscle. Taken together, these data suggest that SRC1 may suppress expression of L-PGDS and that L-PGDS or PGD 2 may promote insulin-stimulated muscle glucose uptake.
Since PGD 2 is a potent vasodilator, we tested the possibility that changes in muscle glucose uptake were primarily a function of increased muscle vasodilation and tissue perfusion. Interestingly, PGD 2 concentrations fell with insulin stimulation in SRC1 ASO-treated animals. Thus, we measured muscle perfusion under basal and insulin-stimulated conditions with 99m Tc-tetrofosmin, a diffusible radiotracer that is used in preclinical models and clinically for the evaluation of skeletal muscle perfusion (43) . However, it was apparent that SRC1 ASO did not alter cardiac or skeletal muscle perfusion under either basal or insulin-stimulated conditions.
It is unlikely that PGD 2 promotes TUG cleavage directly. Plasma PGD 2 concentrations are high in the basal state, but the differences in TUG cleavage are evident only with insulin stimulation. If PGD 2 was responsible, then the insulin-sensitizing effects would be more durable than the tonic stimulation from PGD 2 action. From a more generalized view, prostaglandins may act to potentiate the action of growth factor signals. In an analogous model, PGE 2 may augment the action of platelet-derived growth factor; PGE 2 has low mitotic activity on its own but augments the platelet-derived growth factor signal to increase cell growth (11) . Thus, some prostaglandins may act to modulate trophic signals, providing another level of regulation for key signaling pathways.
Alternatively, it is possible that the insulin-sensitizing effects may be due to L-PGDS. One prior study had suggested that L-PGDS could increase GLUT4 translocation and glucose transport in myotubes (33) . Thus, we focused on mechanisms that may regulate GLUT4 vesicle transport. GLUT4 is stored in GSVs, which are retained intracellularly by TUG. Upon insulin stimulation, TUG is cleaved, releasing the GSVs to fuse with the plasma membrane (2, 3, 5) . In SRC1 ASO-treated rats, we observed increased TUG cleavage in the gastrocnemius muscle in the presence of insulin, which could explain the increased glucose transport seen in the muscle and enhanced insulin sensitivity. The links between TUG cleavage and the increase in L-PGDS and/or PGD 2 are not straightforward. Further studies are necessary to discern the roles of L-PGDS and PGD2 on insulin action and explore the connections to TUG cleavage and GLUT4 translocation. The present studies suggest that this may be an avenue worth pursuing.
Controlling insulin sensitivity and glucose homeostasis requires coordination of metabolic processes across several tissues, including the adipose tissue, muscle, and liver. These studies ascribe a new role to SRC1 as a regulator of a potentially novel adipose tissue-skeletal muscle axis. Specifically, SRC1 regulates adipose L-PGDS expression and plasma PGD 2 concentration. L-PGDS or PGD 2 may act in specific muscle types to fine-tune the GLUT4 response to insulin by potentiating cleavage of TUG (Fig. 8) . This axis may hold potential for new therapies that could potentiate muscle glucose uptake in patients with type 2 diabetes. 
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